ABSTRACT: Accurate predictions of DNA stability in physiological and enzyme buffers are important for the design of many biological and biochemical assays. We therefore investigated the effects of magnesium, potassium, sodium, Tris ions, and deoxynucleoside triphosphates on melting profiles of duplex DNA oligomers and collected large melting data sets. An empirical correction function was developed that predicts melting temperatures, transition enthalpies, entropies, and free energies in buffers containing magnesium and monovalent cations. The new correction function significantly improves the accuracy of predictions and accounts for ion concentration, G-C base pair content, and length of the oligonucleotides. The competitive effects of potassium and magnesium ions were characterized. If the concentration ratio of [Mg 2+ ] 0.5 /[Mon + ] is less than 0.22 M -1/2 , monovalent ions (K + , Na + ) are dominant. Effects of magnesium ions dominate and determine duplex stability at higher ratios. Typical reaction conditions for PCR and DNA sequencing (1.5-5 mM magnesium and 20-100 mM monovalent cations) fall within this range. Conditions were identified where monovalent and divalent cations compete and their stability effects are more complex. When duplexes denature, some of the Mg 2+ ions associated with the DNA are released. The number of released magnesium ions per phosphate charge is sequence dependent and decreases surprisingly with increasing oligonucleotide length.
Interactions of magnesium, sodium and potassium ions with DNA 1 and RNA molecules are important for essential functions of living cells and for molecular biology applications. Both divalent and monovalent cations bind to nucleic acid molecules and affect their physical properties (1) . Magnesium cations stabilize nucleic acid duplexes and facilitate their folding into secondary and tertiary structures (2) , which are biologically active. Mg 2+ ions are also necessary cofactors of many enzymatic reactions involving nucleic acids (3) . The total magnesium concentrations in various cells range from 5 to 30 mM; however, free Mg 2+ concentrations are tightly controlled between 0.4 and 1.2 mM (4). Binding of monovalent cations also increases duplex stability. The major intracellular monovalent cation is K + , while the major monovalent cation in extracellular fluid is Na + . Several theoretical models have been proposed to describe the complex phenomena of associations between cations and nucleic acids. The most widely used approaches are the mean-field approximation of the Poisson-Boltzmann equation (5) (6) (7) (8) , the counterion condensation model (9, 10) , and Monte Carlo simulations (11, 12) . There have been few experimental studies addressing effects of Mg 2+ ion on the stability of short DNA duplexes (13) (14) (15) (16) , and comprehensive experimental melting data are not available. The majority of melting studies in magnesium buffers investigated genomic DNAs (e.g., calf thymus) (5, (17) (18) (19) , long polymeric repeats (20) (21) (22) , or biologically active RNA molecules (2, 23) . Pioneering experiments done over 40 years ago (17, 24) showed that magnesium ions stabilize DNA duplexes significantly more than the same concentrations of monovalent ions. For example, 10 mM Mg 2+ stabilizes a six base pair duplex nearly as much as a 1 M Na + solution (13) , which is substantially more than what would be expected from the magnesium ion contribution to the ionic strength of the solution.
Numerous methods in molecular biology today (such as the polymerase chain reaction (PCR) and automated DNA sequencing) rely upon enzymatic reactions performed in the presence of Mg 2+ . Most commonly, these buffers contain a mixture of monovalent cations (20-100 mM) and magnesium ions (1.5-5 mM). Specifically, PCR is usually done in buffers containing a mixture of magnesium chloride, tris(hydroxymethyl)aminomethane (Tris), deoxynucleoside triphosphates (dNTP), and KCl (3) . Magnesium concentration is the critical parameter that influences both the efficiency and specificity of PCR (25) (26) (27) (28) (29) , especially when total genomic DNA is used, long products are synthesized, or multiplex reactions are run. Low magnesium concentrations decrease the efficiency and yield of PCR. High Mg 2+ concentrations increase the stability of primer-template duplexes and the efficiency of amplification; however, specificity is reduced because primers may anneal to incorrect template sites and unwanted sequences are more likely to be amplified (27) . The optimal annealing temperature is 2-5°C below the melting temperatures of primer-template duplexes (26) . It is therefore desirable to predict melting temperatures accurately when PCR assays are designed.
Melting temperatures are usually predicted using the nearest-neighbor model with parameters determined for 1 M Na + buffer (30, 31) . Since biological assays are implemented in various salt conditions, melting temperatures must be "corrected" for the presence and concentrations of all ions. Several empirical equations that correct T m values in the presence of both Mg 2+ and Na + ions have been suggested (7, 15, 16, 32) , which are reviewed in the Results section. Our analysis demonstrated that use of these equations can lead to large errors in the predicted value of T m (>10°C). Better methods are needed to facilitate design of molecular biology experiments. We conducted a large set of UV melting experiments in solutions containing magnesium and monovalent (K + , Tris + , Na + ) ions to develop improved T m magnesium correction methods. These experiments explored a wide range of magnesium and potassium ion concentrations under well-controlled conditions. Important physiologically relevant concentrations (1-10 mM Mg 2+ , 50-200 mM KCl) were included. Novel, more accurate empirical formulas are presented that enable reliable T m predictions in buffers containing dNTPs, magnesium, and monovalent ions.
MATERIALS AND METHODS
DNA Oligonucleotides. This work employed the same sets of DNA oligomers which were used in a previous study that explored the effects of sodium cations on T m (33) . All oligonucleotides were purified by denaturing polyacrylamide gel electrophoresis. Each single strand had an OH group on the 5′-end as well as on the 3′-end. All oligonucleotide samples passed two quality control tests. Capillary electrophoresis analysis (33) showed that oligonucleotides were at least 92% pure. Mass spectrometry using an Oligo HTCS system (Novatia, Princeton, NJ) confirmed DNA identity and purity. Experimentally measured molecular masses of all oligodeoxyribonucleotides deviated less than 3 g/mol from expected molecular masses.
UV Melting Studies. Typical PCR buffers contain 1.5 mM MgCl 2 , 50 mM KCl, and 10 mM Tris-HCl (pH 8.3 at 25°C
). Studies of the pH effects on T m were conducted in buffers where Tris was replaced with 10 mM potassium cacodylate for pH range from 6.5 to 7.7. The pH 8.3 buffer contained 10 mM 3-(N-morpholino)-propanesulfonic acid, MOPS. A combination glass electrode (Cat. No. 476306, Corning Inc., Corning, NY) with a Corning pH meter 240 was used to measure pH values. The electrode signal was compensated for temperature changes, which were measured by an ATC probe connected to the pH meter.
The effects of magnesium ions on T m were examined in various buffers containing 10 mM Tris-HCl, 0-600 mM MgCl 2 , and 0-1 M KCl. The pH was adjusted to 8.3 ( 0.03 with 0.1 M HCl at 25°C. Buffers without KCl contained the lowest concentrations of Tris that were found to have sufficient buffering capacity, so that the pH of solutions at 25°C before and after melting experiments did not differ by more than 0.1 unit. Specifically, 2 mM Tris was used for 0.5-20 mM magnesium buffers and 10 mM Tris was necessary for solutions of higher magnesium concentrations.
Magnesium chloride was added from a 200 mM stock solution, because solid MgCl 2 is very hygroscopic and cannot be accurately estimated by weight. A complexometric assay (34) was employed to verify Mg 2+ concentrations in each lot of the buffer. EDTA titrations showed that magnesium concentrations deviated less than 2% from expected values.
DNA concentrations were determined from absorbance (33) . Complementary single-strands were mixed in a 1:1 molar ratio. Duplexes were desalted by dialysis against water in a 28-well microdialysis system (Invitrogen, Carlsbad, California), aliquoted based on solution weight, lyophilized in a Speed-Vac concentrator, rehydrated in magnesium melting buffers, and stored in -20°C. Total single strand concentrations, C t , were 2 ( 0.2 µM and were verified from recorded melting curves using absorbances of upper baselines. Several DNA duplexes were also dialyzed directly against magnesium buffers to check whether the desalting method led to complete exchange of the buffers. Since melting profiles of the same DNA sequences were superimposable, we can conclude that the desalting method exchanges melting buffers as effectively as direct dialysis against a melting buffer.
Melting experiments were conducted on a single beam Beckman DU 650 spectrophotometer with a Micro Tm Analysis accessory, a Beckman High Performance Peltier Controller, and 1 cm path length quartz cuvettes (Beckman Coulter, Fullerton, CA). Spectrophotometer software was modified to improve resolution and to more finely control rate of temperature changes (33) . Both denaturation and renaturation transition curves were collected, and temperature was increased linearly at a rate of 24.9 ( 0.3°C/h. Absorbance values at 268 nm were recorded every 0.1°C. We employed Beckman cuvettes (Cat. No. 523880) wherein the top was sealed with a Teflon stopper to prevent evaporation. These cuvettes are small (∼330 µL) and have thin walls, so heat is quickly distributed and the cuvettes are easily equilibrated to desired temperatures. Accuracy of temperature measurements inside of the cuvettes was validated using an external probe with a thermistor thermometer 874C (Tegam, Inc.). The thermistor (type K) was calibrated using a NIST traceable mercury thermometer of 0.1°C resolution when both thermometers measured temperatures of both boiling water and ice-water mixture. Temperature values reported by the spectrophotometer were found to agree with the temperature values reported by the thermistor within 0.5°C throughout the range from 15 to 97°C.
Melting experiments were analyzed using previously published procedures (30, 33) . Melting curves of buffers alone were subtracted from raw DNA melting curves. Regions of linear increase of absorbance before and after the melting transition were least-squares fitted to lower and upper linear baselines, and the fraction of broken base pairs, θ, was calculated as described previously (33) . All melting curves showed a single, S-shaped transition for all buffers studied, allowing T m to be unambiguously determined (see Figure S1 of the Supporting Information). Both upper and lower linear baselines were well established even when the melting temperatures were above 80°C. In such cases, absorbance values were collected up to 99°C. Melting profiles were smoothed and T m values were determined (35) as temperatures where θ ) 0.5. Three to eight melting profiles were acquired for each DNA sample in two different cuvettes, and their T m values were averaged. The average standard deviation of UV experimental melting temperatures, σ Tm , was estimated to be 0.3°C.
Differential Scanning Calorimetry (DSC).
Experiments were conducted using a Nano II differential scanning calorimeter (Calorimetry Sciences Corporation, American  Fork, UT) and a 60 base pair long DNA duplex, 5′-TTC  GCG GAT TAG CCC TAC GCA TCG GTT ACA AAC  GAG GAC CTT ATG CAC TTT GAC AGC ATG-3′ . Samples were degassed for 17 min at 25 mmHg vacuum. Buffer scans were subtracted from DNA scans (33) . The total single strand concentration was 2 µM. Melting temperatures at the maxima of the excess heat capacity curve, T m (DSC), were reproducible within 0.3°C.
Statistical Analysis of T m Predictions. To critically evaluate the accuracy of T m magnesium corrections, average errors of T m predictions, 〈|∆T m |〉 AV , and reduced r 2 values were calculated for each T m magnesium correction function. Experimentally observed melting temperatures, T m (experiment,i), were compared with predicted melting temperatures, T m (prediction,i), for a set of n measurements,
where |T m (prediction,i) -T m (experiment,i)| is the absolute value of the difference between predicted and experimentally measured melting temperatures and ν is the number of degrees of freedom. F-tests (36, 37) were conducted to determine the goodness-of-fit and accuracy of T m predictions. The r 2 values were compared between different T m magnesium correction functions. A smaller r 2 value reflects a better ability of the model to describe experimental results. Probabilities, P, of the null hypothesis that observed differences in r 2 values were insignificant and could happen by random chance alone were evaluated. The smaller the P value is, the more significant the difference is between two magnesium corrections. If the P value was less than 0.05, the null hypothesis was rejected and the differences in goodness-of-fit were considered to be statistically significant. This analysis assumed that errors of melting data were normally distributed and was implemented using the Excel FDIST function.
RESULTS

Effects of Buffer pH on Melting
Temperature. Phosphate, cacodylate or citrate buffers are commonly used in DNA melting experiments. In this study, we wished to characterize melting behavior in buffers that are used in biological applications. We therefore employed Tris buffer, since this is the most widely used buffer in molecular biology applications, including PCR. The pH values of Tris buffers decrease with increasing temperature. This change is rather large in comparison with other biological buffers (38, 39) . Since DNA contains several groups capable of deprotonation and protonation, questions arise about pH changes during PCR and their effects on duplex stability. We therefore measured the pH of a typical PCR buffer (1.5 mM MgCl 2 , 50 mM KCl and 10 mM Tris-HCl, pH ) 8.3 at 25°C) when the temperature was increased from 10 to 90°C. The pH was found to be a linear function of temperature with a d(pH)/dT coefficient of -0.020 K -1 (data not shown). To examine effects of changes in pH on melting temperatures, the same DNA duplexes were melted in the PCR buffer and in buffers where Tris was replaced with either 10 mM potassium cacodylate or 10 mM MOPS (see Materials and Methods). These two compounds manifest a much lower dependence of pK a on temperature than Tris; the published values of d(pH)/dT are 0.0019 K -1 and -0.011 K -1 for cacodylic acid and MOPS, respectively (39, 40) . Figure 1 shows DNA melting temperatures in cacodylate and MOPS buffers of various pH. Twelve DNA oligomers ranging in length from 15 to 30 base pairs and in fraction of G · C base pairs, f GC , from 0.3 to 0.7 were studied. Melting temperatures in environments of pH from 6.5 to 8.3 varied less than 0.5°C. T m values were found to be independent of pH and in agreement with T m values observed in the PCR buffer that was prepared from Tris. Although the pH of the PCR Tris buffer decreased from 8.3 to 6.9 when temperature increased from 25 to 95°C, the resulting pH changes had insignificant effects on melting temperatures of native duplex DNAs. This result is consistent with previous studies where melting temperatures of a DNA hairpin (41), T 2 phage DNA (42) , and calf thymus DNA (43) did not change significantly in the range of pH values from 6.5 to 8.0.
Comparison of DNA Duplex Stability in Na + and K + buffers. Since PCR buffers typically contain potassium and Tris ions, it is of interest to compare the stabilizing effects of these monovalent ions with sodium ions. Nakano et al. (14) found in the study of a single DNA duplex, d(GC-CAGTTAA), that the effects of Na + and K + on T m were equivalent. However, we recently discovered that the influence of sodium ions on duplex stability is far more complex than previously thought (33) . The stabilizing effect is sequence dependent and cannot be described by a simple 
, Tris
+ ions stabilize DNA duplexes with similar potency, and their effects on duplex stability are additive,
The published T m correction formula for sodium ions (33) is therefore also applicable to buffers containing Tris or KCl,
where
is the melting temperature in the buffer containing a mixture of monovalent ions and T m (1 M Na + ) is the melting temperature in reference 1 M Na + buffer. Equations 3 and 4 may be less accurate in high concentrations (above 100 mM) of monovalent ions capable to form hydrogen bonds (ammonium, Tris) and for bulkier monovalent ions (tetramethylammonium). Affinity of these ions to DNA has been reported to differ slightly from the affinity of Na + and K + (67, 68 ), a correction function that scales melting temperatures from the reference 1 M Na + buffer to the magnesium buffer is applied. Although magnesium ions stabilize duplexes significantly more than the same concentration of sodium ions (13, 17) , previously published T m correction formulas generally assume that the stabilizing effects of magnesium ions are qualitatively similar to the better characterized stabilizing effects of sodium ions. These formulas use the T m salt correction for sodium ions to predict duplex stability in Mg 2+ solutions using a simple adjustment wherein Mg 2+ ion concentration is converted to an "equivalent" Na + concentration, [Na + eq ], which is then directly used in the T m sodium salt correction. The "equivalent" Na + concentration is defined as the concentration of sodium ions in a buffer that stabilizes duplexes to the same extent as the magnesium buffer. The following formula was suggested, [Na
where concentrations are in mol/L (15, 16, 32 (15, 16, 32) . The equivalent [Na + eq ] values are entered into the T m corrections for sodium salts (31, 45) to correct melting temperatures for magnesium solutions. Peyret used this concept and proposed the following empirical correction in his doctoral dissertation (16) where the salt dependence was presumed to be entirely entropic:
N bp is the number of base pairs in the duplex, and ∆H°is the standard enthalpy of duplex annealing (cal/mol) that can be measured experimentally or estimated from nearestneighbor parameters (31, 66) . T m values have units of kelvins. The term N bp -1 is relevant for synthetic oligonucleotides and reflects the number of phosphate groups in the duplex divided by 2 (31) . The melting data used to develop eq 6 have not been published, and the accuracy of T m predictions using this method has not been established. Ahsen et al. (15) compiled a set of melting temperatures for 162 probes determined using a real-time PCR LightCycler system. Either the probes were dye-labeled or buffers contained SYBR Green I. A revised version of eq 6 was proposed with a larger value of the magnesium term,
In their analysis, Ahsen et al. did not consider thermodynamic effects of fluorescent dyes and quenchers on DNA duplex stability, although these effects can be significant (34) . The authors reported that their heating rates (0.1-0.2°C/s) were probably too fast to achieve equilibrium conditions and T m s may have been slightly overestimated. Even with these limitations, the standard error of T m predictions was 1.8°C for perfectly matched duplexes (15) . Mitsuhashi (32) suggested an even larger value of and combined eq 5 with an earlier T m sodium correction function derived by Schildkraut and Lifson (45):
The accuracy of eq 8 was not reported. Equations 6-8 are routinely used for solutions containing magnesium ions in the presence, or absence, of other monovalent ions. Recently, Tan and chen proposed the tightly bound ion model, TBI, which employs separate treatments for tightly bound ions and for diffuse ions surrounding DNA molecules (7, 46) . The model accounts for discrete modes of counterion binding. Fluctuations and correlations between the ions tightly bound to DNA are considered, while these effects were neglected in previous models based solely on the meanfield approach of the Poisson-Boltzmann equation. The TBI model provides new practical formulas for thermodynamic parameters as a function of magnesium and sodium concentrations. For T m , the following relationship is obtained:
∆H°( (9) where x 1 and x 2 are the fractional contributions of Na + and Mg 2+ to the duplex stability and ∆g l and ∆g 2 are the mean electrostatic folding free energies per base stack in pure Na + or Mg 2+ solutions (kcal/mol), respectively (46) . The crossing term ∆g l2 accounts for interference and competition of Na + ions with Mg 2+ counterions (e.g., ∆g l2 ) 0 for pure magnesium solutions). Expression 9 was proposed to be appropriate for duplexes with six or more base pairs (7, 46) .
To examine the validity of these previous models, we initially studied melting temperatures for several duplexes ranging from 10 to 30 base pairs in length. Magnesium concentrations varied from 0.5 mM to 125 mM in the presence of 10 mM Tris buffer with no Na + or K + . Figure  3 illustrates results of predictions using eqs 6-9 starting from the experimentally measured T m in 1 M Na + buffer for one such duplex. Predicted T m values were found to deviate substantially from measured values over the entire range of magnesium concentrations. Qualitatively similar results were seen for the remaining sequences. Errors of greater than 10°C in the predicted melting temperature were observed in some cases. Since the published T m correction functions did not accurately predict melting temperatures, we proceeded to study systematically a larger data set and develop new equations to model T m in the presence of Mg 2+ .
Magnesium Ions and DNA Melting Temperatures.
We first characterized the effects of magnesium ions on DNA duplex stability in a simple system where monovalent ions had negligible thermodynamic effects and magnesium ions were dominant. In this set of experiments, melting temperatures were measured in 0.5-600 mM Mg 2+ . To maintain stable pH, 2 mM Tris was present for 0.5-20 mM Mg 2+ solutions, and 10 mM Tris was used in the 50-600 mM Mg 2+ buffers. No KCl was added. As shown later, effects of Tris ions on T m are negligible under these conditions. Table 1 illustrates sequences studied and trends in their melting temperatures. The remaining data are presented in Table S1 of the Supporting Information. The set consisted of 92 DNA duplex oligomers (33) ranging in f GC from 0.2 to 0.8 and in the number of base pairs from 10 to 30.
Oligonucleotides annealed into blunt-ended, non-selfcomplementary duplexes and were designed to avoid selfdimer, hairpin, or other competing structures. Circular dichroism spectra demonstrated that the secondary structure of DNA with Mg 2+ as the counterion is similar to that with Na + , throughout the range of magnesium concentrations used in biological assays ( Figure S2 of the Supporting Information). However, subtle changes of secondary structure occur at high magnesium concentrations (>130 mM). Long regions of consecutive G · C or A · T base pairs were removed from sequences to decrease non-two-state melting behavior. All 10 internal nearest-neighbor doublets and 2 end (initiation) interactions were well represented, so that sequence dependent properties could be examined (30, 44, 66) . Over 3000 UV melting profiles were collected. All melting curves showed a single, S-shaped transition (see Figure S1 ). Samples were deemed to be in thermodynamic equilibrium because their denaturation and renaturation melting profiles overlapped. No decreases of absorbance at 268 nm or increases of absorbance at 350 nm, which are characteristic of DNA aggregation or precipitation (18, 19, 22) , were observed during melting transitions. Representative examples of the dependence of melting temperatures on ln [Mg 2+ ] are shown in Figure 4 . The relationships are nonlinear functions of oligonucleotide length, G · C base pair content, and magnesium concentration. When Mg 2+ is added to a solution of duplex DNAs, the melting temperature increases until a maximum is reached. Higher Mg 2+ concentrations destabilize duplexes slightly. Figure 4 demonstrates that the peaks of maximum stability are wide. The magnesium concentration at which the maximal T m value occurs is sequence dependent, varying from 25 mM to 350 mM Mg 2+ for different duplexes in the data set. The maximum T m shifts to a lower magnesium concentration the higher the fraction of G · C base pairs (see Figure S3 of the Supporting Information). As magnesium concentration is increased, stabilizing T m effects are saturated first for G · C rich duplexes and later for A · T rich duplexes.
Since thermodynamic parameters and the nearest-neighbor model predict DNA stability in 1 M Na + , we employed this ionic environment as the reference salt concentration, as has been done in previous studies (15, 16, 31, 33) . Differences between reciprocal T m values in each magnesium buffer and 1 M Na + (33) were calculated. Figure 5 shows the dependence of these differences on f GC , and N bp present in the DNA duplexes. At fixed oligonucleotide length and constant magnesium concentration, the 1/T m differences vary approximately linearly with f GC :
Deviations from linear relationships seen in Figure 5 are caused by experimental errors and by additional sequencedependent effects (e.g., nearest-neighbor interactions). However, incorporation of nearest-neighbor parameters instead of a single term for f GC did not significantly improve the accuracy of the T m correction (Supporting Information, Table   S5 ). Similarly, attempts to develop nearest-neighbor parameters for the effect of monovalent ions did not improve the accuracy of the T m salt correction for sodium ions (33) . The slopes S GC are negative in buffers of low magnesium concentration ( Figure 5A ,B) and increase with increasing magnesium concentration. The fitted lines become flat at about 14 mM Mg 2+ where the difference 1/T m (Mg
is independent of the fraction of G · C base pairs. In buffers having higher Mg 2+ concentrations, the slopes are positive ( Figure 5D ).
In comparison with experimental errors, differences in the slopes were minor. In order to simplify fitting of the data, we averaged S GC slopes at each magnesium concentration. Averages were weighted based on the number of oligonucleotides of given length. These weight-averaged S GC values are plotted versus the natural logarithm of magnesium concentration in Figure 6A . A linear relationship is observed (r 2 ) 0.993):
where the fitted parameters c and d are equal to 6.47 × 10 Figure 5 shows that Y GC values change with N bp and hence the number of negatively charged phosphate groups, Z, and seem to approach a limiting value with increasing duplex length. Since our chemically synthesized DNA duplexes do not contain phosphate groups on the 3′ or 5′ termini, Z is equal to 2(N bp -1). In Figure 6B , values of Y GC calculated from eq 12 and averaged for each oligomer length are plotted versus 1/[2(N bp -1)]. Linear relationships are observed, so Y GC can be described by the following equation:
where the slope S Nbp and intercept I Nbp vary with magnesium concentration. Figure 6C and Figure 6D show that these relationships can be approximated as
where a, b, e, f, and g are empirical parameters. Combination of eqs 10, 11, and 13-15 yields the T m magnesium correction,
This equation can be used to scale melting temperatures of DNA duplex oligomers to different magnesium buffers when DNA concentration is fixed.
Stepwise fits allowed us to develop eq 16; however, the parameters obtained from these consecutive fits are not optimal because experimental data are not weighted equally. We therefore applied multivariate linear regression and fitted the seven parameters of eq 16 (a, b, c, d, e, f, g) in one step. The experimental data set consisted of 680 T m values for 92 unique duplex DNAs measured in various Mg 2+ concentrations (Tables 1 and S1 ). The set of empirically derived parameters and their errors are presented in Table 2 . Extra significant figures of the parameters are included to prevent rounding errors. The multivariate fits were calculated using the Excel LINEST function as well as the numerically stable REGRL function (Matrix and Linear Algebra for Excel v.1.8.1, Foxes team, Roma, Italy, http://digilander.libero.it/ foxes). Both functions gave identical results. Errors were estimated from residuals of the fit and from bootstrap simulations (47) . The bootstrap estimates of the standard errors were up to 35% higher than errors from the residuals of multivariate regression and serve as a liberal estimate of the parameter errors reported in the third column of Table  2 . Ten thousand bootstrap sample data sets were generated using Microsoft Excel. Each bootstrap data set was of the same size (680 T m 's) and was constructed by random drawing of T m values, with replacement, from the original experimental data set. In other words, the entire experimental data set was used in each drawing. The parameters (a, b, c, d, e, f, g) were obtained from each bootstrap data set using the multivariate fit. Averages of bootstrap parameters agreed with values calculated from the original experimental data set. Standard deviation of each parameter was estimated from ten thousand bootstrap parameters (47) . Singular value decomposition (SVD) was employed to examine fits and correlations between parameters (37). The rank of the SVD design matrix was seven for the experimental and bootstrap data sets. Therefore, the seven fitted parameters were unique, i.e., none of the parameters could be obtained from linear combinations of the remaining parameters. An F-test was carried out to evaluate the significance of each of the parameters. The probability was estimated whether improvements in r 2 could happen by random chance alone when the parameter and its term are added to the remaining 6 parameters (36). The null hypothesis assumed that the parameter does not improve fit and does not decrease r 2 significantly. Since the probabilities were less than 10 -18 for all parameters, the null hypotheses were rejected and each of the seven parameters in eq 16 was found to be statistically significant. If any single parameter is neglected, the accuracy of the T m predictions declines.
It is important to assess the accuracy of T m predictions obtained from eq 16. Figure S4 2 term to the I Nbp relationship (eq 14) provided only marginal improvement of the fit, which was not statistically significant. This is consistent with Figure 6D , which shows that the dependence of I Nbp on ln [Mg 2+ ] is approximately linear.
Since the Y GC intercepts seem to approach a limiting value with increasing N bp ( Figure 5 ), we examined a model where oligonucleotide-length-dependent terms of eq 16 (e, f, g parameters) were neglected for longer duplexes (N bp g 20) .
The remaining parameters were optimized and fitted to the experimental T m data set. Predictions of melting temperatures for DNA oligomers from 20 to 60 base pairs were compared with the experimental data. This simplified correction function was found to be as accurate as eq 16 at low magnesium concentrations (∼1.5 mM), but predictions in higher magnesium concentrations were less accurate. We conclude that the magnesium correction function depends significantly on oligonucleotide lengths even for these longer duplexes.
Accuracy and Limitations of the New T m Magnesium Correction. Accuracy of the new eq 16 was compared with previous T m magnesium correction equations using the experimental data sets from Tables 1 and S1. The average errors of these T m predictions are summarized in Table 3 . Predictions obtained using all of the earlier equations were less accurate, showing an average T m error of 2.9°C or larger, compared with an error of only 0.5°C when the new eq 16 was used. These accuracy differences are statistically significant. Probabilities, P, that differences in r 2 between eq 16 and the other corrections can occur by random chance are less than 10 -300 . For certain sequences, the error in prediction of T m using the previously published formulas (eqs 6-9) is quite large (10-18°C). The largest error observed with eq 16 was 2.9°C for the entire experimental data set of 680 measurements.
It is important to consider limitations of the new T m magnesium correction function. Equation 16 was derived from melting data in the range of 0.5 mM to 600 mM Mg 2+ at neutral pH (7) (8) and is accurate in these ranges. The parameters were obtained under conditions in which the effects of monovalent ions were negligible. At higher concentrations, monovalent ions can significantly compete with magnesium ions. In this setting, the relationship between ion concentrations and T m becomes more complex and some of the parameters require adjustment (see below).
It is the free magnesium concentration which affects duplex stability and enters into salt correction formula 16. In our experiments, magnesium ions were present in vast excess compared to DNA. Under these conditions, the free magnesium concentration is equal to the total magnesium concentration. When concentrations of Mg 2+ and DNA phosphate groups are of the same magnitude, binding of magnesium ions to DNA must be taken into account. Such low magnesium concentrations occur rarely in biological applications. The experimental data set employed to develop eq 16 contained DNA duplexes from 10 to 30 base pairs in length. An analysis of 40 and 60 base pair duplexes shows that eq 16 remains accurate in scaling T m for these longer DNAs (see Table S2 of Supporting Information). Although these longer duplexes showed a single transition and had a well established T m , they may melt in a non-two-state fashion. That is, in the narrow temperature range over which melting occurs (2-3°C), partially melted duplexes may exist. However, the derivation of eq 16 was not dependent on the two-state assumption. It is valid for short oligomers (10-20 base pairs) which do melt in a two-state fashion as well as longer sequences that exhibit a single transition.
Although UV melting experiments reported in Tables 1  and S1 were conducted at a total single strand concentration of 2 µM, the utility of eq 16 is not limited to this DNA concentration. Melting studies were performed for a subset of 21 sequences in 1.5 mM Mg 2+ buffer using differential scanning calorimetry where DNA concentrations were 90-fold higher (C t ) 180 µM). See Table S4 of the Supporting Information. The T m values under these conditions were predicted using eq 16 while the melting temperatures obtained from earlier calorimetric experiments in 1 M Na + (33) were used as the reference point. Melting temperatures of the DSC data set were predicted with an accuracy (〈|∆T m |〉 AV ) 0.4°C) similar to the accuracy of the UV melting data set (〈|∆T m |〉 AV ) 0.5°C).
Deoxynucleoside Triphosphates Decrease Effects of Magnesium Ions. PCR reactions require deoxynucleoside triphosphates (dNTPs) in mixture with short oligomer primers, probes and longer nucleic acid targets. Magnesium ions bind to all of these components, and this binding decreases the concentration of free magnesium ions. As DNA synthesis proceeds during PCR, dNTPs are incorporated into the products and pyrophosphate is released. Pyrophosphate also binds magnesium ions. Complex linked equilibria of Mg 2+ binding occur. It was empirically observed in PCR reactions that magnesium ion concentration must exceed the total concentration of dNTPs to achieve efficient amplification (3, 26) . It has been suggested that the free magnesium ion concentration, [Mg 2+ ], is a critical parameter to be optimized in PCR and that it can be estimated from the difference between the total magnesium ion and the total dNTP concentrations (15) . To verify this notion, melting experiments of DNA duplexes were done in the presence and absence of dNTPs. Because DNA and dNTP molecules absorb light at similar wavelengths, ultraviolet spectroscopy is not a suitable technique to study denaturation of DNA duplexes when dNTPs are present in excess. We therefore employed differential scanning calorimetry (DSC). Until recently, DSC experiments required the use of high DNA concentrations (∼100 µM), which are more than 2 orders of magnitude larger than the concentrations of primers typically used in PCR experiments (<1 µM). However, new ultrasensitive calorimeters are available that allow measurement of T m values using less than 5 µM concentration of a duplex (48) . We studied a sixty base pair long DNA duplex (see Materials and Methods) that exhibited a single, sharp reproducible melting transition. Melting temperatures were determined at the same DNA concentration (C t ) 2 µM, i.e., 0.06 mM/base pair) while buffer composition was varied. Results are presented in Figure 7 . Experiments 1-3 were done in 50 mM KCl and 10 mM Tris-HCl. We found that addition of dATP or an equimolar mixture of all four dNTPs did not affect the T m when magnesium was absent. Experiments 4-12 contained various amounts of Mg 2+ ions. Comparison of experiments 4, 5, and 11 shows that raising the magnesium concentrations from 0.5 to 3 mM increased the T m . Addition of 1 mM dATP to the 1.5 mM Mg 2+ buffer decreased the T m of the duplex from 81.6 ( 0.3 (experiment 5) to 79.7 ( 0.3°C (experiment 6), which is identical within experimental error to the melting temperature of that duplex in 0.5 mM Mg 2+ buffer alone (experiment 4, 79.5 ( 0.4°C). Analogous observations were made for stability of the duplex in 3.0 mM Mg 2+ plus 1.5 mM dATP (experiment 12). The duplex had a T m of 81.7 ( 0.1°C, which is equal to its T m in 1.5 mM Mg 2+ buffer when no dATP was present (81.6 ( 0.3°C, experiment 5). Experiments 6-10 in Figure 7 demonstrate that addition of dATP, dGTP, dTTP, and dCTP impact T m by similar amounts. Affinity for magnesium ions is grossly similar between different dNTPs and is primarily determined by properties of the triphosphate and ribose groups (49, 50) .
These results confirm that dNTPs bind magnesium ions stochiometrically (1:1) with high affinity and that the remaining free magnesium ions determine the melting temperature of a DNA duplex. Therefore, in connection with the use of T m correction eq 16, the magnesium ion concentration should be adjusted for the total concentration of dNTPs. That is, the free concentration of magnesium ions, [Mg 2+ ], can be assumed to equal the difference between the total magnesium concentration, c Mg , and the total concentration of dNTPs, c dNTP . This relationship will not hold if the total dNTP concentration is larger or similar (within 20%) to the total magnesium ion concentration. In that case, the free magnesium ion concentration will be very low and may be approximated from the relationship for the Mg-dNTP association constant,
By using published experimental data for ribonucleotides (49-51), we estimate that K a is approximately 3 × 10 4 for the Mg-dNTP complex in a PCR buffer of 50 mM KCl and 10 mM Tris. In situations when the free magnesium ion concentration is very low, effects of monovalent ions on duplex stability will often be dominant.
Competition between Magnesium and MonoValent Ions in Duplex Stabilization. Equation 16 and its parameters were determined in solutions with very low concentrations of Tris cations (1-5 mM) where magnesium ions are dominant in their effects on melting temperatures. We next examined duplex stability in mixed buffers containing significant amounts of both magnesium and monovalent ions. Figure  8A illustrates that the observed T m effects are a complex function of monovalent ion and magnesium ion concentrations. The highest T m was achieved in 1 M KCl solution; the maximal T m reached in magnesium solutions was lower. This might not be true for very short oligomers (N bp e 10) where Mg 2+ ions may provide larger stabilizing effects than a 1 M solution of monovalent ions (13, 52) .
Cations bound to DNA are subject to an ion-exchange reaction in which the associated cations are released into bulk solvent. NMR line-shape analysis (53), UV melting (5, 14) , electrophoresis (54, 67) and buffer equilibration-atomic emission spectroscopy (68) experiments have demonstrated that the extent of Mg 2+ binding to DNA decreases with increasing monovalent ion concentration indicating that magnesium and monovalent ions compete for DNA binding. Table 4 presents results of melting experiments for 12 DNA duplexes 15 to 30 base pairs long. Their GC content ranged from 30 to 73%. For each buffer and oligonucleotide, the T m value in the mixed buffer was compared to T m values in reference buffers, which were missing either potassium ions (first rows of T m data in Table 4 ) or magnesium ions (first column of T m data). Depending on buffer composition, either monovalent or magnesium ions were found to be dominant and largely determine the melting temperature, the remaining ions having only minor effects on duplex stability (∆T m < 3°C). At each Mg Figure  8B ). If R is equal to or greater than 0.22, magnesium effects dominate and T m correction eq 16 should be employed (the influence of monovalent ions can be neglected). If R is less than 0.22, the T m correction for monovalent ions (eq 4) should be used (33) . Under these conditions, monovalent ions are dominant and determine T m , and the presence of Mg 2+ can be ignored. Figure 8B also illustrates that the addition of K + at concentrations of 50-100 mM to magnesium buffers can paradoxically decrease the value of T m by 1-2°C. This effect, although small, was observed for all 12 sequences. It occurs for values of R in the range of 0.22 to 6.0 and is most pronounced for oligonucleotides of low GC content. A similar effect was observed for genomic DNAs (5, 17) . Importantly, PCR buffers fall in this range of R values. Therefore, it seemed worthwhile to determine if the T m prediction could be improved by taking this effect of ion competition into account. This is best achieved by allowing the parameters a, b, c, d , e, f, g of eq 16 to vary with monovalent ion concentrations. When we allowed only two parameters to vary with [Mon + ] and kept the remaining parameters constant, no significant improvements in the accuracy of T m predictions were seen. When sets of three parameters were allowed to change, the best improvements of T m predictions were observed for the set where parameters a, d, and g varied. Potential empirical equations for parameters were tabulated using the TableCurve 2D software package (SYSTAT Software Inc., Richmond, CA). The following simplest equations were selected:
Concentrations are in units of mol/L. Use of eq 16 modified with parameters a, d, g adjusted according to eqs 18-20 predicts the drop in T m observed when R lies in the range from 0.22 to 6.0. The overall fit of the data in Table 4 is also improved slightly when parameters a, d, g of eq 16 are allowed to vary (Table 5) . A general scheme for selecting the most accurate T m correction function to employ based upon the relative amounts of monovalent and magnesium cations is shown in Figure 9 . Starting from experimentally measured reference T m s in 1.0 M Na + buffer (33), melting temperatures from Table 4 were predicted according to this algorithm as well as previously published equations. Statistical comparisons between these methods are reported in Table 5 . The most accurate predictions, with an average error of 0.8°C, are obtained when parameters a, d, g are allowed to vary with monovalent ion concentration. If the parameters of eq 16 are set to constant values from Table 2 , the accuracy is decreased (P < 2 × 10 -5 ). Previously published eqs 6-9 are significantly less accurate (P < 10 -118 ).
Equations 6, 7, 8, 9 and the algorithm from Figure 9 were used to predict melting temperatures for a validation data set of duplex DNA oligomers in Table S2 of the Supporting Information. This independent validation data set includes both published T m values from other groups and new data presented here, comprising 69 unique pairs of T m measurements for 39 sequences ranging in length from 9 to 60 base pairs. These sequences were not used to develop our new T m magnesium salt correction formulas, so this is a more meaningful test of performance than can be achieved using the original derivation data sets (Tables 1, S1 and 4). Experimentally measured melting temperatures in the absence of magnesium ions (buffer 1) were used as the reference T m , and various correction formulas were applied to predict T m values in the presence of magnesium ions (buffer 2). Statistical comparisons of the results are shown in the last two columns of Table 5 . The new magnesium correction algorithm predicted melting temperatures with the lowest error (0.9°C) and r 2 value. The predictions obtained from eqs 6-9 were significantly worse (P < 9 × 10 -5 ). The algorithm shown in Figure 9 is therefore currently the most accurate method to scale melting temperatures between solutions of different monovalent and magnesium cation concentrations.
Example of Calculations Using the New T m Magnesium Correction. Below we illustrate use of algorithm in Figure  9 , K + and Tris + ions. Novel T m magnesium correction functions were developed that can be used to accurately scale melting temperatures between various salt environments. Statistical analysis showed that use of these new formulas significantly improves T m predictions. Previous T m magnesium correction eqs 6-8 assume "equivalent" effects of sodium and magnesium ions on duplex stability. Our analysis indicates that the effects of divalent cations on T m differ both quantitatively and qualitatively from the effects of monovalent cations. The dependence of T m on GC content is different for Mg 2+ and monovalent ions. The relationship to oligonucleotide length is also different. Duplex melting demonstrates end-effects in magnesium solutions, which led to inclusion of terms dependent on oligonucleotide length into eq 16. In contrast, length dependent terms are unnecessary for the T m correction function for sodium ions (eq 4) (33) . T m changes mediated by monovalent ions are independent of the number of base pairs and depend primarily on the f GC . The concept of "equivalency" of Na + and Mg 2+ effects is therefore not justified. As a result, algorithms based on insertion of an "equivalent" sodium ion concentration into equations developed to predict the effect of monovalent ions on T m fail to give accurate estimates of T m in magnesium solutions.
The TBI theory developed by Tan and Chen (7, 46) represents an improvement from earlier theoretical models in that it does predict the saturation effect of magnesium ions on T m (see Figure 3) . However, the overall accuracy of the prediction of T m with this model is not improved (Table  3) . It may be possible to modify certain assumptions made in the TBI theory to more accurately predict experimental melting data. However, even with such improvements it would not appear possible to account for the observed sequence dependent effects using electrostatic principles alone.
The saturation effect on T m seen with magnesium occurs at lower concentrations the higher the GC content of the duplex ( Figure S3) . A similar effect was observed previously for the binding of Na + ions (33) . This sequence specific behavior is consistent with a study of repeating polymers using 25 Mg NMR spectroscopy (55) , in which G · C base pairs were found to bind Mg 2+ up to 100-fold more strongly than A · T base pairs. Sequence dependent Mg 2+ binding was also detected when hydration of DNA duplexes was investigated using ultrasonic velocity measurements (56) . DNA A · T base pairs were proposed to interact with magnesium ions by outer-sphere complex formation, while G · C base pairs exhibited substantial dehydration changes typical for innersphere complexes. Two modes of ion binding have been suggested for the interaction of metal ions with DNA (23, 56) . "Site binding" refers to specific binding of the ion to negatively charged groups or pockets on nucleic acids. This more intimate interaction is often observed in tertiary folds of RNA molecules where phosphates are clustered (23) . Unique, specific sites take up an integral number of ions. Site-bound ions may lose some of their coordinated water molecules. The second binding mode, "diffuse binding", refers to all nonspecific interactions of ions with DNA where ions are highly delocalized in areas surrounding the DNA molecule. Specifically, this refers to the process whereby magnesium or monovalent cations form an ionic sleeve around singlestranded or double-stranded DNA and neutralize its negatively charged phosphate backbone. Localization of diffusely bound ions is difficult to determine experimentally as the ions are relatively free to move within areas of similar electrostatic potential.
Diffuse magnesium ions are thought to be bound through "outer-sphere" complexes where magnesium ions coordinate six water molecules, [Mg(
, and the water molecules establish a network of hydrogen bonds. This was observed using 25 Mg NMR (57) and crystallographic studies (58, 59) . Electrostatic effects, therefore, cannot be completely decoupled from changes of hydration caused by counterion binding (56) . Changes in the solvation shells of participating ions and hydrogen binding between water molecules in the hydration shells of Mg 2+ and Na + may make important contributions to the energetics of cation binding to DNA.
In our experiments, we found a small but significant decrease in T m at very high magnesium concentrations (Figure 4 ). This agrees with a previous study of the duplex dGCATGC (13) and melting experiments of genomic DNAs (18, 19, 60) . These destabilizing effects may be caused by binding of magnesium to additional sites on denatured DNA (e.g., bases), by conformational changes of DNA and/ or by ion-ion repulsions in the ionic atmosphere surrounding the DNA duplex (7) . Magnesium ions have a strong preference for association with phosphate groups (1, 49) . If binding of magnesium ions to the bases does occur, the association constants must be several orders of magnitude smaller than the binding constants of magnesium ions with the phosphate backbone.
Binding of Magnesium Cations to Single Stranded
Versus Double Stranded DNA. Magnesium ions bind to nucleic acids in both the duplex and single strand states but to a greater degree in the duplex form. Denaturation of a duplex is therefore accompanied by a net release of ∆n magnesium ions. Assuming a two-state melting transition, the value of ∆n can be estimated from the dependence of the melting temperature on magnesium ion concentration (5): ]. The enthalpy of duplex denaturation, ∆H°, was calculated from the unified nearest-neighbor thermodynamic parameters (31, 66) and was assumed to be independent of magnesium ion and monovalent ion concentrations (31, 33) . The ∆H°values were also measured directly using DSC for a set of 21 sequences in 1.5 mM Mg 2+ buffer (Table S3 , Supporting Information). The enthalpies were found to be similar in magnesium and sodium buffers. Experimental errors are in the range of 5-10%. Therefore, the assumption that the enthalpies of duplex denaturation are salt independent is valid under the conditions studied. Equation 21 was used to calculate ∆n values for oligonucleotides from 10 to 30 base pairs. Shorter oligomers (10-15 base pairs) are likely to melt in a two-state manner. The duplexes longer than 15 base pairs may show deviations from the two-state melting behavior. However, eq 21 still holds for these longer duplexes because their shapes of melting profiles are not dependent on the counterion concentration. Analysis that proves this statement is complex and requires a considerable amount of material. It is therefore shown in the end of the Supporting Information.
Values of ∆n include contributions from the diffusely bound as well as from the site-bound Mg 2+ ions. Since the value of ∆n is derived from purely thermodynamic considerations, it provides no explicit information about the location of ions near the DNA molecule. Nevertheless, ∆n is a useful estimate of the overall changes in ion association when the duplex denatures. Figure 10 illustrates that both thedT m /d(ln [Mg 2+ ]) and the value of ∆n decrease as the free Mg 2+ concentration is increased from 1.5 to 10 mM. At higher concentrations, the stabilizing effect of magnesium on the duplex reaches a maximum (see Figure 4 ). These observations suggest that magnesium ion binding to the single strands increases and eventually saturates as the magnesium ion concentration of the buffer increases.
Both the value of dT m /d(ln [Mg 2+ ]) and the value of ∆n per phosphate decrease with increasing oligonucleotide length (see panels (A) and (B) of Figure 10 ). This is a result of significant end effects in magnesium buffers. Association of cations with ends of both single stranded and double stranded oligonucleotides is lower than with their interior. Thus the number of bound ions per phosphate group is predicted to increase with N bp as the interior domain becomes larger. However, a larger increase is expected for duplexes because of their higher charge density (11, 46) . Since ∆n per phosphate group measures the difference of ion association between the duplex and the complementary single strands, it is expected to increase with N bp . This was observed experimentally for a set of d(TA) N hairpins (63) with Na + as the counterion. DNA duplexes formed from two complementary strands in Na + buffers do not show a significant dependence of ∆n on N bp (33) . This may be due to the fact that the number of negative charges per molecule is halved upon strand separation and thereby masking the Coulombic end effects (11, 61, 62) . Surprisingly, we observe the opposite end effects with magnesium ions (Figure 10 ). The value of ∆n per phosphate decreases when oligonucleotide length is increased. Can polyelectrolyte models based on electrostatic interactions explain the different behavior of Na + and Mg 2+ counterions? Additional theoretical studies will be needed to clarify the interpretation of these results. Figure 10A also shows that the end effect observed in magnesium buffers is substantially diminished by the addition of monovalent ions (50 mM KCl). Although Mg 2+ ions remain dominant in 1.5 mM Mg 2+ and 50 mM K + , the values of ∆n per phosphate decrease much less with N bp in this mixed buffer than in 1.5 mM Mg 2+ buffer where no K + was present. This observation is consistent with the study of DNA duplex stability in solutions of sodium ions (33) where the ∆n per phosphate was found to be independent of oligonucleotide length.
Figures ]) was entered into eq 21 to obtain an estimate of ∆n. The relationships between hybridization enthalpies of duplex annealing and N bp as well as f GC were approximated using the unified nearest-neighbor parameters (31, 35, 66) Figure 8B illustrates the nature of this competition for a 25 base pair long duplex. When the ratio R is greater than 6, magnesium ions are dominant and the ionic clouds surrounding both single and double stranded DNA contain mostly Mg 2+ counterions. Under these conditions, the effects of monovalent ions on the T m are negligible. Data from which eq 16 was derived (Tables 1 and S1) were from experiments where all R values were greater than 20. As the K + concentrations increase, the ratio R decreases. When the value of R falls below ∼6, bound magnesium ions are being displaced by K + . As a result, parameters of eq 16 change (eqs [18] [19] [20] . The melting temperature decreases slightly when potassium ions are added to solutions of magnesium ions under these conditions. This was observed for all 12 duplexes studied (see Table 4 ). The slight destabilization is predicted by polyectrolyte theory (5, 6, 9) and has also been observed with genomic DNAs (17) . Under these conditions, the bulk potassium concentration is much higher than the bulk magnesium concentration. Therefore, the diffuse Debye-Hückel ion atmosphere will be composed mostly of potassium ions. Because of magnesium counterion condensation, a larger effective charge is present on single strands than on double strands and single strands are therefore stabilized more by addition of monovalent ions due to Debye-Hückel screening.
When the value of R falls below 0.22, monovalent ions become dominant. At this point, replacement of the magnesium ions by potassium in the ionic clouds surrounding DNA is essentially complete. The dependence of the melting temperature on the counterion concentration thereafter follows the T m correction function developed previously for monovalent ions alone (eq 4). Duplex stability then rises with increasing monovalent ion concentration. At 1.5 mM Mg 2+ , the crossover point is at ∼180 mM K + . At higher concentrations of magnesium, the crossover point shifts to progressively higher concentrations of monovalent ions. Nakano et al. (14) studied Na + -Mg 2+ competition for the single duplex d(GCCAGTTAA). We calculated from their Figure 6 that the dominant ion changed from magnesium to sodium at value of R equal to 0.24 in good agreement with our findings.
The ionic atmosphere around DNA as a function of Mg 2+ and Na + concentrations has been modeled using Monte Carlo simulations, Poisson-Boltzmann calculations (12, 64) and the hypernetted chain integral method (65 
The units of ∆H°and ∆G°3 7 are cal/mol. These relationships should be useful for calculating energetics of DNA folding in the presence of magnesium ions.
Implications for PCR and DNA Sequencing. Accurate prediction of T m in specific reaction conditions is a fundamental step when designing oligodeoxynucleotides for use in PCR, DNA sequencing and other molecular biology applications. T m prediction is particularly important when working with closely related sequences (allelic variants, single nucleotide polymorphisms, etc.) or when designing multiplex reactions where a large number of primers must function together. We have studied a number of the solution components that can affect DNA duplex stability and therefore impact the design of DNA primers and probes.
Buffers used in molecular biology experiments generally contain a mixture of monovalent cations (Na + or K + ) and Mg 2+ . As shown in Figure 2 , the effects of sodium and potassium ions on duplex stability are equivalent. This is true even under conditions in which Na + and K + compete with Mg 2+ for binding to DNA. Therefore, nearest-neighbor parameters and salt correction formulas developed for buffers containing Na + can be used interchangeably with K . Accurate treatment of the effect of Mg 2+ on T m is, therefore, very important in the design of DNA primers and probes for these assays. Using the algorithm of Figure  9 with the correction formulas presented herein, the T m can be predicted within an average accuracy of 1°C. Earlier models are less accurate and in some cases lead to large errors (>10°C). The procedure of converting the Mg 2+ component to an "equivalent Na + concentration" is not justified. The influence of magnesium and monovalent cations on DNA duplex stability differ with respect to both f GC and oligonucleotide length and must be treated differently.
Although metal ions present in reaction buffers (Na
) have the greatest impact on T m , other components contribute and should be taken into account. Most buffers used in molecular biology applications rely on Tris or other ammonium salts, which exhibit a significant dependence of ionization constant on temperature. Tris buffer adjusted to pH of 8.3 at 25°C decreases to pH 6.9 as temperature is raised to 95°C. This pH change, however, has little effect on the stability of DNA duplexes (see Figure 1 ) as pK H s of the ionizable groups of the bases lie outside of this range. Nucleic acid-bases have pK H values lower than 4.5 (dC) and greater than 9.4 (dG) in the single-stranded state which move even further from neutrality in the duplex state (43) . Furthermore, the temperature range where primer hybridization and DNA synthesis occur during PCR is usually between 60°C (the primer annealing step) and 72°C (the enzymatic extension step). Within this narrow temperature window, pH varies only between 7.6 and 7.4. Thus the large pH shifts seen in Tris buffers with changes in temperature should have no effect on hybridization efficiency during PCR or other thermal cycling reactions. However, the protonated form of Tris is a monovalent cation and should be added to the total monovalent cation concentration when performing T m calculations. Due to the relative extent of ionization, 10 mM Tris is equivalent to about 5 mM Na + . We have shown that the presence of dNTPs in a reaction mixture decreases the free magnesium ion concentration, which, in turn, lowers the T m for DNA hybridization reactions done in that buffer. The Mg-dNTP association constant is sufficiently large (50) that the free Mg 2+ concentration can be approximated simply by the difference between the total magnesium concentration and the total concentration of dNTPs. In a typical PCR reaction, the four dNTPs together are usually present at a concentration of 0.8 mM. Although sample DNA, primers and probes can also bind Mg 2+ , their concentrations are too low to significantly affect the level of free Mg 2+ . During the course of PCR, dNTPs are consumed as DNA synthesis proceeds. However, this does not necessarily imply that free Mg 2+ levels increase. Pyrophosphate, a byproduct of DNA synthesis, as well as the newly synthesized doublestranded DNA amplicon can also bind magnesium ions. We have not measured the fluctuations of free magnesium concentration during PCR.
